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ABSTRACT OF THE THESIS 
Test Data Processing of Conventionally and Diagonally Reinforced  
Concrete Coupling Beams Subjected to Wind and Seismic Loading Protocols 
 
by 
Shahab Jaberansari 
Master of Science in Civil Engineering 
University of California, Los Angeles, 2019 
Professor John Wright Wallace, Chair 
Strong wind events are the major factor governing the structural design of many tall buildings in 
regions with low-to-moderate seismic hazard; however, unlike seismic design, where 
performance-based design of tall buildings has become common in regions impacted by strong 
shaking, wind design is still based on linear elastic response under ASCE 7 strength-level 
demands. Application of performance-based wind design, where modest nonlinear responses are 
allowed in ductile elements at prescribed locations, has been hampered in part by the lack of 
experimental data on the performance of key elements subjected to wind loading protocols. For 
tall concrete buildings subjected to strong wind, allowing modest nonlinearity in coupling beams 
is an attractive option; therefore, four 2/3-scale reinforced concrete coupling beams were tested 
 iii 
under a simulated windstorm loading protocol, which consists of a large number of elastic load 
cycles and a dozen mildly-inelastic displacement cycles. The test parameters included aspect ratio, 
presence of floor slab, level of detailing (seismic versus standard), and loading protocol (wind 
versus seismic). The test results indicate that rotational ductility demands of 1.5 can be achieved 
with only small residual crack widths (less than 1/16 in.; 1.6 mm) and no concrete spalling or bar 
buckling, indicating that allowing modest inelastic responses in strong wind may be a viable 
approach.   
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CHAPTER 1 INTRODUCTION 
1.1. Background and Motivation 
Reinforced concrete (RC) core wall systems, with coupling beams to accommodate openings, 
provide an efficient lateral-force-resisting system resist seismic and wind demands for mid- and 
high-rise buildings. For seismic design, inelastic response of ductile elements, typically coupling 
beams, outrigger elements, and wall critical regions, has long been permitted by building codes 
(e.g., ASCE 7; UBC; IBC).  Coupling beams act as the primary fuses to limit force demands on 
capacity protected elements and actions (e.g., foundation, wall shear) and provide a reliable energy 
dissipation mechanism. Current seismic design requirements for coupling beams are based on 
numerous experimental results reported in the literature (e.g., Paulay and Binney, 1974; Tassios et 
al., 1996; Xiao et al., 1999; Galano and Vignoli, 2000; Kwan and Zhao, 2001; Naish et al., 2013; 
Motter et al., 2017). Unlike for seismic design, where performance-based design of tall buildings 
has become common in regions impacted by strong shaking, wind design is still based on linear 
elastic response under ASCE 7 strength-level demands. In some cases, strong wind events govern 
the strength design of tall buildings in regions of low-to-moderate seismic hazard due to the 
requirement of maintaining linear elastic behavior under extreme wind events (e.g., wind with a 
3000-year mean recurrence interval, MRI). This added strength can negatively impact the seismic 
design, e.g., by increasing wall shear and foundation demands). A Pre-Standard is currently under 
development by ASCE/SEI set to be published later in 2019 that aims to set a framework for 
Performance Based Wind Design by defining wind load levels, performance objective, analysis 
techniques and acceptance criteria. Additionally, it is of interest to evaluate the seismic 
performance of coupling beams subjected to prior nonlinear wind demands.  
 2 
1.2. Objectives 
This thesis focuses on instrumentation of the test specimens and processing the data collected 
during the experiments, as well as a preliminary assessment of coupling beam performance based 
on test observations and analysis of the test data. Specific objectives include:   
1) Assessing the observed performance of coupling beams subjected to extreme wind events 
that are permitted to undergo limited nonlinearity to establish if the observed performance 
is acceptable based on given loading protocol, and 
2) Assessing the performance of coupling beams that are subjected to seismic loading 
protocols after being subjected to a wind load protocol that includes limited nonlinear 
demands.  
1.3. Organization 
This thesis is organized into four chapters. Chapter One provides an introduction and objectives, 
followed by Chapter Two, which includes details of the experimental program. Chapter Three is 
devoted to processing the collected data and assessing the test results. A summary and conclusions 
of this study are provided in Chapter Four.   
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CHAPTER 2 EXPERIMENTAL PROGRAM 
The research program consists of an experimental study that involves testing four, roughly two-
thirds scale, reinforced concrete coupling beam specimens with two different aspect ratios and 
detailing appropriate for either typical wind design or seismic Design Category D, E, or F using 
ASCE 7-16 and ACI 318-14.  
2.1. Specimen Design 
Four different coupling beam specimen prototypes were designed based on two common tall 
building configurations for residential and office buildings, where typical wall openings and story 
heights produce coupling beams with aspect ratios (clear length/depth, ln/h) of approximately 2.5 
and 3.67, respectively. Coupling beams with cross-sectional dimensions (width × depth, bw × h) 
of 24 in. × 24 in. (610 mm × 610 mm) and 24 in. × 36 in. (610 mm × 914 mm) are common for 
residential and office constructions, respectively. Due to geometric and strength constraints of the 
laboratory test setup, the prototype beams were scaled down to 2/3-scale replicas of the prototype 
beams, resulting in cross-sections (bw × h) of 16 in.×16 in. (406 mm × 406 mm) and 16 in. × 24 
in. (406 mm × 610 mm) for the residential and office beams, respectively. The test beams were 
designed with two levels of detailing: three beams with conventional (longitudinal) reinforcement 
and standard (or non-seismic) detailing and one beam with diagonal reinforcement and seismic 
detailing. And the beams were built with heavily reinforced and post-tensioned end blocks to 
simulate the wall boundary zones in coupled wall systems and allowing to anchor the beams to the 
lab test setup. Detailed information is provided in subsequent sections, as well as Table 1, Figure 
1 through Figure 3 and Chapter 3.  
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Table 1. Test Matrix 
Beam ID CB1 CB2 CB3 CB4 
Beam detail and geometry 
Type Residential Office Office Residential 
Size, bw × h× ln (in.) 16×16×40 16×24×88 16×24×88 16×16×40 
Aspect Ratio, ln/h 2.50 3.67 3.67 2.50 
Detailing (ACI 318-14) Standard (Ch. 9) Seismic (Ch. 18) 
Top and bottom reinforcement 4No.6 + 2No.7 6No.7 + 4No.8 6No.7 + 4No.8 - 
ρtop and ρbottom 0.0138 0.0197 0.0197 - 
Diagonal reinforcement - - - 8#8 per bundle 
Angle of diagonal bars, α (°) - - - 13.59 
ρdiag. - - - 0.0272 
Transverse reinforcement No.3@3.33 in. No.3@4.38 in. No.3@4.38 in. No.3@2.33 in. 
(𝐴𝑠ℎ,𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑/𝐴𝑠ℎ,𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑)𝑥 - - - 1.26 
(𝐴𝑠ℎ,𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑/𝐴𝑠ℎ,𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑)𝑦 - - - 1.26 
Bar slenderness, s/db 4.4 5.0 5.0 - 
Slab detail and geometry 
Shape T-shaped L-shaped No slab T-shaped 
Slab thickness, hs (in.) 5-1/3 5-1/3 - 5-1/3 
Overhanging width, bover (in.) 42 42 - 42 
Slab Reinforcement (2) No.3@10 in. No.3@10 in. - No.3@10 in. 
ρslab 0.00206 0.00206 - 0.00206 
Demands and strengths (1) 
Design 𝑓𝑐
′; fy (psi) 8,000; 60,000 
𝑉𝑢 √𝑓𝑐′(𝑝𝑠𝑖)𝑏𝑤𝑑⁄  5.0 5.0 5.0 5.5 
𝑉𝑛 √𝑓𝑐′(𝑝𝑠𝑖)𝑏𝑤𝑑⁄
 7.56 7.29 7.29 7.74 
∅ 𝑉𝑛 √𝑓𝑐′(𝑝𝑠𝑖)𝑏𝑤𝑑⁄  5.67 5.47 5.47 5.81 
∅𝑉𝑛 𝑉𝑢⁄  1.13 1.09 1.09 1.06 
𝑉@𝑀𝑛 √𝑓𝑐′(𝑝𝑠𝑖)𝑏𝑤𝑑⁄
(2) 6.04 (7.21) 5.83 (6.50) 5.83 12.28 (14.54) 
𝑉@𝑀𝑝𝑟 √𝑓𝑐′(𝑝𝑠𝑖)𝑏𝑤𝑑⁄
(2) 7.30 (8.85) 7.17 (7.95) 7.17 14.47 (17.50) 
Conversions:1in. = 24.5 mm; 1psi = 0.0069 MPa; No.3 bar = 10 mm dia. bar; No.6 bar = 19 mm dia. bar; No.7 bar 
= 22 mm dia. bar; No.8 bar = 25 mm dia. bar. 
Footnotes: (1) Determined based on design material strengths. 
(2) Values in parentheses include the impact of floor slab on moment strength. 
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Figure 1. Reinforcement layout and geometries of CB1. 
 (Note: dimensions are in inches; 1 in.=25.4 mm; reinforcement in slab and end blocks not shown) 
 
Figure 2. Reinforcement layout and geometries of CB2 and CB3. 
. (Note: dimensions are in inches; 1 in.=25.4 mm; reinforcement in slab and end blocks not shown) 
 
Figure 3. Reinforcement layout and geometries of CB4. 
 (Note: dimensions are in inches; 1 in.=25.4 mm; reinforcement in slab and end blocks not shown) 
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2.2. Material Properties 
For this experiment a normal-weight, high-strength concrete with a design 28-day concrete 
compressive strength (𝑓𝑐
′) of 8,000 psi (55 MPa), a maximum aggregate (crushed Orca rock) size 
of 1/2 in. (12.7 mm), and a slump of 8 in. (203 mm) was specified for all test specimens. A total 
of 16 standard 4×8 in. (100×200 mm) cylinders were cast, all on the same day along with the test 
specimens, and tested in accordance with ASTM C31/C31M and ASTM C39/C39M, respectively, 
to evaluate concrete compressive strength, 𝑓𝑐,𝑡𝑒𝑠𝑡
′ , of the beams at test-day age (Table 2 and Figure 
4), which is taken as the average of three or four cylinder tests for each beam.  
Table 2. Tested material properties of concrete 
Beam ID Age (day) 𝑓𝑐,𝑡𝑒𝑠𝑡
′ , ksi (MPa) Strain at 𝑓𝑐,𝑡𝑒𝑠𝑡
′  
CB 1 71 8.14 (56.11) 0.0019 
CB 2 248 9.57 (65.96) 0.0020 
CB 3 187 8.61 (59.34) 0.0018 
CB 4 104 8.10 (55.85) 0.0016 
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Figure 4. Test-day concrete stress-strain curves. 
 
 
All the reinforcement used to fabricate the test specimens was dual grade ASTM A615/A706 
Grade 60 (nominal yield strength of 60 ksi [414 MPa]) deformed bars. All bars of a given size 
were obtained from the same heat to minimize variations in reinforcement properties between test 
specimens. Mechanical properties of the reinforcement were determined from direct tensile tests 
performed on three or four representative 24 in. (610 mm) long coupons for each bar size, as shown 
in Table 3 and Figure 5. Due to some test setup limitations, stress-strain data beyond yielding 
point for some No. 3 and No. 6 bars are not available, although the bars eventually fractured at 
ultimate stress and strain levels close to other bars, i.e., they did not experience brittle fracture 
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Table 3. Tested mechanical properties of the reinforcement 
Beam ID Bar No. db, in. (mm) As, in2 (mm) 
fy,tested, ksi 
(MPa) 
fu,tested, ksi 
(MPa) 
𝜀y 𝜀sh 𝜀u 
CB1, 
CB2, 
CB3, and 
CB4 
No. 3 0.375 (9.53) 0.11 (71.0) 66.1 (455.8) 100.0 (689.5) 0.0011 0.0098 0.1529 
No. 6 0.750 (19.05) 0.44 (283.9) 68.6 (473.0) 97.0 (668.8) 0.0024 0.0093 0.1685 
No. 7 0.875 (22.23) 0.60 (387.1) 69.8 (481.3) 98.4 (678.5) 0.0017 0.014 0.1747 
No. 8 1.000 (25.40) 0.79 (509.7) 68.1 (469.5) 96.8 (667.4) 0.0012 0.0099 0.189 
 
 
Figure 5. Stress-strain curves of bar reinforcements. 
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2.3. Test Setup & Instrumentation 
2.3.1. Test Setup 
The test setup was designed to simulate the boundary conditions of a coupling beam in a building. 
To satisfy those conditions, the test setup shown in Figure 6 was utilized to test the coupling beams 
in a vertical position, where the end blocks were grouted using hydro-stone and post-tensioned to 
the laboratory strong floor at the bottom and to a structural steel loading beam at the top using high 
strength threaded bars. The horizontal actuator (Actuator 3), which is attached to a reaction wall 
and connected to the specimen, was used to apply the lateral load using the structural steel loading 
beam. The two vertical actuators (Actuator 1 and 2) were used to ensure zero rotation of the top 
block and to achieve zero moment at the beam midspan (i.e., a double curvature loading condition). 
No axial load (or axial restraint) was applied to the beams during testing. To prevent out-of-plane 
rotation or twisting, the steel loading beam was connected to two out-of-plane actuators (Figure 
6), which were attached to the steel reaction braced frames.  
 10 
 
Figure 6. Test Setup 
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2.3.2. Instrumentation 
Each test specimen was heavily instrumented to obtain detailed response data. For larger 
displacements, String Potentiometers were used that can accurately measure displacements (beam 
chord rotation) of up to 2 feet. To measure the strain in the reinforcement, strain gages were 
installed. Also, a Digital Image Correlation technique was used to track and measure strain and 
cracks pattern on the surface of coupling beam’s web. The following sections present additional 
details of the different instrumentation used. 
2.3.3. Linear Variable Differential Transformer (LVDT) 
To measure displacements between desired points, Linear Variable Differential Transformers 
(LVDT) were used.  The LVDT layout, presented in Figure 7 through Figure 10, allowed 
determination the contribution of various sources to coupling beam rotation, including rotation due 
to shear, flexure (average concrete strains and curvature over specified gauge lengths), bar 
slip/extension, sliding at the base, and uplift and sliding of the end blocks. In total, more than 30 
LVDTs were used for each test specimen. The LVDTs had a stroke of either ±0.5 in., ±1 in., or ±2 
in.  
To calculate the flexural deformation (average strains and curvature) along the length of the beam, 
two lines of LVDTs were mounted along the length of the beam. (Figure 7, North Side) Two 
additional LVDTs were used to provide a more accurate strain distribution over the assumed 
plastic hinge length. To measure shear deformations, LVDTs were placed in an X-configuration 
between the pairs of sensors used to measure flexural deformations along the beam length (Figure 
7, North Side).  
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Furthermore, four LVDTs (two at each beam-wall interface) were used to measure the contribution 
of slip/extension of longitudinal/diagonal reinforcement in the wall (end blocks). 
Another four LVDTs (two at each beam-wall interface) were used to measure sliding displacement 
at the beam-wall interface. Beam axial growth and rotation of top block were measured using two 
LVDTs placed at 12 in. from the face of the beam. Additionally, four LVDTs were used to monitor 
the rotation of the bottom block and out-of-plane movement of the top block. Figure 11 shows the 
LVDT layout of CB1 and CB, which are similar to CB 4 and CB3, respectively. additional 
information about the instrumentation of the specimens is provided in Appendix B. 
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Figure 7. CB1 LVDT layout 
(Note that LVDTs are marked by red.) 
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Figure 8. CB2 LVDT layout  
(Note that LVDTs are marked by red.) 
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Figure 9. CB3 LVDT layout 
(Note that LVDTs are marked by red.) 
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Figure 10. CB4 LVDT layout 
(Note that LVDTs are marked by red.) 
 17 
 
Figure 11. Photograph of CB1 (Left) and CB2 (Right) LVDT layout. 
 
2.3.4. String Potentiometer 
Four string potentiometers were employed to measure the top and bottom block displacements in 
order to calculate the global rotation of the coupling beam. Figure 12 illustrates positions of string 
potentiometers in the test setup. Note that all four string potentiometers are mounted on a rigid 
reference frame that was part of the test setup (Figure 13). 
 18 
 
Figure 12. String potentiometers layout. 
 
 
Figure 13. Photograph of a potentiometer. 
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2.3.5. Strain Gage 
To measure reinforcement strain, more than 20 strain gages were installed on longitudinal/diagonal 
and transverse reinforcement at desired location. Figure 14 through Figure 17 provides strain 
gage layouts for all four specimens, and Figure 18 shows strain gages under installation processes. 
Appendix B provides detailed information about the strain gage instrumentation. 
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Figure 14. CB1 strain gage layout 
(Note that Strain Gages are marked by red.) 
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Figure 15. CB2 strain gage layout. 
(Note that Strain Gages are marked by red.) 
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Figure 16. CB3 strain gage layout. 
(Note that Strain Gages are marked by red.) 
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Figure 17. CB4 strain gage layout. 
(Note that Strain Gages are marked by red.) 
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Figure 18. Photograph of strain gages under installation. 
2.3.6. Digital Images Correlation and Tracking 
A non-contact measurement system was used to measure surface strains on one of the web faces 
of the beams. The equipment setup is shown in Figure 19. The system utilizes one digital single-
lens reflex (DSLR) camera and a lightening system. The surface of test specimens was prepared 
with a light coat of white paint that served as a contrast for a random speckle pattern applied 
(Figure 19). Each black speckle was approximately 5 to 20 pixels in width and height. 
Approximately 30 high resolution images were taken during selected each cycle. The images were 
processed by GOM© Correlate software (2018) to get surface strains and displacements of the 
specimens.  
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Figure 19. Digital image correlation technique. 
 
2.4. Loading Protocols 
The test specimens are first tested under a simulated wind loading protocol, followed by a standard 
seismic loading protocol. However, unlike for seismic loading, standardized quasi-static, cyclic 
wind loading protocols are not known to be available for testing structural building components. 
Therefore, a wind loading protocol was developed based on a representative wind hazard curve 
and results of nonlinear response history analysis of a tall coupled core wall building subjected to 
loading histories recorded from wind tunnel tests. The wind loading protocol consists of 2162 
cycles applied at various load or displacement demands, ramping up from 15% of probable 
moment (Mpr) to 1.5 time yield rotation (𝜃y) and then symmetrically ramping down, as shown in 
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Figure 20 . More detailed information about development of the loading protocol is given in 
Abdullah et al. (2019). 
 
 
Figure 20. Wind loading protocol. 
 
After the wind testing was completed, the specimens were subjected to a standard seismic loading 
protocol (Naish et al., 2010). The seismic loading protocol picks up at the largest wind 
displacement demand (Figure 21) and was  applied in displacement-controlled loading.  
 
 
Figure 21. Seismic loading protocol.  
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CHAPTER 3 PROCESSING EXPERIMENTAL RESULTS 
3.1. General 
This chapter describes processing of the data collected from the different sensors to obtain global 
and local deformations, stiffness values, energy dissipation capacity, reinforcement strain data, 
and information from Digital Image Correlations (DIC) analysis.  
3.2. Beam Chord Rotation 
The beam net lateral displacement (∆𝑛𝑒𝑡), includes displacement contributed by flexure 
(curvature), shear, bar slip/extension from end blocks (walls), and beam sliding at the beam-wall 
interfaces, was calculated by subtracting the lateral displacements due to sliding (∆𝑠𝑙𝑖𝑑
𝑏𝑡𝑚) and 
rotation of the bottom block (θ𝑟𝑜𝑡
𝑏𝑡𝑚) from the measured top lateral displacement (∆𝑡𝑜𝑡𝑎𝑙
𝑡𝑜𝑝
) (Equation 
3-1). Beam chord rotation (𝜃𝑡𝑜𝑡𝑎𝑙) was calculated by dividing ∆𝑛𝑒𝑡 by the beam clear span (ln), as 
given in Equation 3-2. 
∆𝑛𝑒𝑡= ∆𝑡𝑜𝑡𝑎𝑙
𝑡𝑜𝑝 − ∆𝑠𝑙𝑖𝑑𝑒
𝑏𝑡𝑚 − 𝜃𝑟𝑜𝑡
𝑏𝑡𝑚 ∗ 𝑙𝑛     (Equation  3-1) 
 
θtotal =
∆net
ln
       (Equation  3-2) 
Figure 22 and Figure 23 show the load versus beam chord rotation relationships of the specimens 
under the wind and seismic loading protocols, respectively, and Figure 24 shows the combined 
load versus beam chord rotation relationships of the specimens from both the wind and seismic 
loading protocols. 
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Figure 22. Load versus chord rotation relationships: wind loading protocol. 
 
 
Figure 23. Load versus chord rotation relationships: seismic loading protocol. 
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Figure 24. Load versus chord rotation relationships: wind and seismic loading protocols.  
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3.3. Components of Beam Chord Rotation 
This section presents the approach used to compute the various sources of beam chord rotation, 
which consist of deformations due to  bar slip/extension from end blocks (walls), flexure 
(curvature), shear, and sliding at the beam-wall interfaces, as shown in Equation 3-3 and Figure 
25. The flexure and shear displacements were determined using the LVDTs attached to the 
coupling beams, whereas the slip/extension displacements determined using the LVDTs spanning 
across the beam-wall interfaces and sliding displacements determined from LVDTs installed at the 
beam-wall interfaces measuring the displacement of the beam ends relative to the end blocks in 
the direction of loading. Contribution of each displacement component to the total displacement 
(chord rotation) at each load or displacement level for the test specimens is presented in the 
following sections: 
 
θtotal = θslip/ext + θflexure + θshear + θsliding  (Equation  3-3) 
 
Figure 25. Various sources of deformation in coupling beams (Naish, 2010). 
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3.3.1. Deformation due to Slip/Extension of Longitudinal/Diagonal Bars 
As noted previously, the slip/extension of the longitudinal/diagonal bars from the end blocks 
(walls) was measured using the LVDTs spanning across the beam-wall interface, e.g., LVDTs DC 
22, DC 13, DC 19, and DC 23 shown in Figure 26. Since the longitudinal/diagonal bars are 
extended into the end blocks more than required by the ACI 318-14 and are headed, the slip 
deformations are expected to be nonexistent, whereas the deformations due to bar extension are 
expected to be significant. 
 
Figure 26. CB2 slip/extension LVDTs layout. 
 
Equation 3-4 shows the relationship used to determine rotation contributed by bar slip/extension 
using the LVDT layout shown in Figure 26. 
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θslip/ext = (
δDC 22+δDC 13
lbottom,slip LVDT
)       (Equation  3-4) 
 
Where 𝛿𝐷𝐶 22, 𝛿𝐷𝐶 13, 𝛿𝐷𝐶 19, and 𝛿𝐷𝐶 23 are displacements measured by LVDTs DC 22, DC 13, 
DC 19, and DC 23, respectively, and 𝑙𝑏𝑜𝑡𝑡𝑜𝑚,𝐿𝑉𝐷𝑇 and 𝑙𝑡𝑜𝑝,𝐿𝑉𝐷𝑇 are the horizontal distance between 
LVDTs DC 22 and DC 13 and LVDTs DC 19 and DC 23, respectively. Figure 27 and Figure 28 
show the comparison of the total chord rotation with rotation contributed by bar slip/extension for 
the wind and seismic loading protocols, respectively. Figure 29 presents the contribution of bar 
slip/extension to the total chord rotation for wind and seismic loading protocols, which indicates 
that rotation due to bar slip/extension constitutes a significant portion of the total beam chord 
rotation. 
 
 
Figure 27. Comparison of rotation contributed by bar slip/extension with total chord 
rotation: wind loading protocol. 
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Figure 28. Comparison of rotation contributed by bar slip/extension with total chord 
rotation: seismic loading protocol. 
 
 
 
Figure 29. Measured bar slip/extension rotation contribution to the total chord rotation.  
 
 34 
As an alternative, the rotation contributed by bar slip/extension was back calculated by subtracting 
the measured flexure, shear, and sliding rotations from the measured total rotation using Equation 
3-3. 
Figure 30 presents the contribution of bar slip/extension to the total chord rotation for wind and 
seismic loading protocols, which indicates that the contribution of rotation due to bar 
slip/extension ranges from 50% to 90% before yield rotation and from 70% to 30% after yield 
rotation.  
 
 
Figure 30. Back-calculated bar slip/extension rotation contribution to the total chord 
rotation.   
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3.3.2. Flexural Deformations 
To calculate the flexural deformations (average curvature), five and six pairs of LVDTs were used 
along the beam web for CB1 and CB4 and for CB2 and CB3 respectively (Figure 31). The gage 
lengths for each pair of LVDTs are 7 in. for CB1 and CB4 and 14 in. for CB2 and CB3, which 
were approximately equal to the plastic hinge length of the beams (taken as one-half the total beam 
depth, h).  
 
 
Figure 31. Typical LVDT layout used to determine flexural deformations. 
 
The flexural deformation and rotation contribution of each gage length (∆𝑓) is obtained using  
Equation 3-5 and 3-6: 
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∆f= αc(
V1−V2
l
)h    (Equation  3-5) 
And, 
θf =
∆f
h
     (Equation  3-6) 
 
Where ∆𝑓 and 𝜃𝑓  are flexural displacement and rotation over each gauge length, respectively, 𝛼ℎ 
is the absolute distance from the top of the section to the centroid of the curvature diagram (which 
varies from 0.67 to 0.5 of gage length for triangular and rectangular curvature distributions, 
respectively, V1 and V2 are the measured displacements along the two side of the deformed region, 
and l is the horizontal distance between the sensors (Figure 32).  
 
 
Figure 32. Flexural behavior of an element (Massone and Wallace, 2004). 
 
 37 
The flexural rotation contribution over each gage length (𝜃𝑓𝑖) is calculated using Equation  3-6, 
and the total flexural rotation of the beam (𝜃𝑓,𝑡𝑜𝑡𝑎𝑙) is calculated as the sum of rotations overall the 
beam length (Equation 3-7). 
θf,total = ∑ θfi
n
1     (Equation  3-7) 
Where θ𝑓𝑖  is the flexural rotation contributed by i-th pair of sensors.  
 
The rotation contributed by flexure is compared with the total beam chord rotation for the wind 
and seismic loading protocols in Figure 33 and Figure 34, respectively. 
 
 
Figure 33. Comparison of rotation contributed by flexure with total chord rotation: wind 
loading protocol. 
. 
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Figure 34. Comparison of rotation contributed by flexure with total chord rotation: seismic 
loading protocol. 
 
Figure 35 presents the contribution of flexural deformation to the total chord rotation at each load 
or displacement demand for the wind and seismic loading protocols, which indicates that the 
contribution of flexural rotation ranges from 8% to 12% before yield rotation and from 15% to 
30% after yield rotation. 
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Figure 35. Flexural rotation contribution to the total beam chord rotation. 
 
3.3.3. Shear Deformation 
The shear deformations are calculated directly from the "X" configuration of LVDTs along with 
the two vertical LVDTs used for flexural deformations, as shown in Figure 36. Massone and 
Wallace (2004) report that calculating shear deformations using only diagonal LVDTs in the 
yielding regions, without accounting for the impact of the curvature distribution of the beam on 
the shear response, tends to overestimate shear deformations by as much as 30%. Thus, they 
recommend that the LVDT configuration shown in Figure 37 be used to measure the deformations 
in the yielding region, and that the  shear deformations be calculated using Equation 3-8 and 
Equation 3-9: 
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Figure 36. Typical LVDT layout used to measure shear displacements. 
 
 
Figure 37. Model used to determine of shear deformation of an element (Massone and 
Wallace, 2004). 
 
 
UX =  
√(D1
meas)2−h2−√(D2
meas)2−h2
2
    (Equation  3-8) 
Usi =  UX + (
1
2
− αc) × θ × h   (Equation  3-9) 
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Where 𝑈𝑋 is the computed average shear displacement for an X-configuration of LVDTs, and 𝑈𝑠𝑖  
is the corrected shear displacement. The 𝛼𝑐 value of each section was calculated, and the chord 
rotation (𝜃𝑠𝑖) due to shear displacement of each section (𝑈𝑠𝑖) was determined using Equation 3-
10. The total chord rotation (𝜃𝑠,𝑡𝑜𝑡𝑎𝑙) due shear deformation was calculated using Equation 3-11: 
θsi =
Usi
hi
    (Equation  3-10) 
θs,total = ∑ θsi
n
i           (Equation  3-11) 
The results of 𝜃𝑠,𝑡𝑜𝑡𝑎𝑙  are compared with the total chord rotations in Figure 37 and Figure 38 for 
wind and seismic loading protocols, respectively. 
 
Figure 37. Comparison of rotation contributed by shear with total chord rotation: wind 
loading protocol. 
 
 42 
 
Figure 38. Comparison of rotation contributed by shear with total chord rotation: seismic 
loading protocol. 
 
Figure 39 presents the contribution of rotation contributed by shear to the total chord rotation of 
for wind and seismic loading protocols, which indicates that the contribution of rotation due to 
shear increases gradually from about 3%of the total rotation at 0.15 Mpr to 25%–50%of the total 
rotation  at 0.04 rotation. 
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Figure 39. Shear rotation contribution to the total chord rotation. 
  
 44 
3.3.4. Sliding deformation at Beam-Wall Interfaces 
Two LVDTs were used to measure the sliding displacements (movement of the beam relative to 
the wall) taking place at each beam-wall interface in the direction of loading (𝑈𝑠𝑙𝑖𝑑𝑒 𝑡𝑜𝑝 and 
𝑈𝑠𝑙𝑖𝑑𝑒 𝑏𝑜𝑡𝑡𝑜𝑚), as shown in Figure 40 and Equations 3-12 and 3-13. Equation 3-14 was used to 
compute the rotation contributed by sliding at the interfaces (𝜃𝑠lide). The results of 𝜃𝑠lide are shown 
in Figure 41 and Figure 42 for the wind and seismic loading protocols, respectively.  
 
Uslide top =  
Top Slide LVDT 1+Top Slide LVDT 2
2
         (Equation  3-12) 
 Uslide bottom =  
Bottom Slide LVDT 1+Bottom Slide LVDT 2
2
  (Equation  3-13) 
θslide =
Uslide top+Uslide bottom
ln
    (Equation  3-14) 
 
 
 
Figure 40. Typical LVDT layout used to measure sliding displacement at the beam-wall 
interface. 
 
 45 
 
Figure 41. Comparison of rotation contributed by sliding with the total chord rotation: 
wind loading protocol. 
 
 
Figure 42. Comparison of rotation contributed by sliding with the total chord rotation: 
seismic loading protocol. 
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Figure 43 presents the contribution of sliding displacement at the interfaces to the total chord 
rotation of each beam for wind and seismic loading protocols, which indicates that the contribution 
of rotation due to sliding is negligible (<1%), with CB1 and CB4 experiencing the greatest and 
smallest sliding, respectively. 
 
 
Figure 43. Sliding deformation contribution to overall deformation. 
 
3.3.5. Summary 
Figure 44 and Figure 45 present the contributions of all four sources of rotation to the total chord 
rotation for wind and seismic loading protocols, respectively, where rotation due to bar 
slip/extension is measured from sensors, whereas Figure 46 and Figure 47 present the 
contributions of all four sources of rotation to the total chord rotation for wind and seismic loading 
protocols, respectively, where rotation due to bar slip/extension is back-calculated by subtracting 
rotations due to flexure, shear, and sliding from the measured total rotation. 
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Figure 44. Contributions of various deformation components to total rotation for wind 
loading protocol: rotation due to bar slip/extension is measured from sensors. 
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Figure 45. Contributions of various deformation components to total rotation for seismic 
loading protocol: rotation due to bar slip/extension is measured from sensors. 
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Figure 46. Contributions of various deformation components to total rotation for wind 
loading protocol: rotation due to bar slip/extension are back-calculated by subtracting 
flexure, shear, and sliding rotations from measured total rotation. 
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Figure 47. Contributions of various deformation components to total rotation for seismic 
loading protocol: rotation due to bar slip/extension are back-calculated by subtracting the 
measured flexure, shear, and sliding rotations from measured total rotation. 
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3.4. Stiffness 
The secant flexural stiffness values (𝐸𝑐𝐼𝑠𝑒) of coupling beams with a fixed-fixed end condition is 
given as: 
 
𝐸𝑐𝐼𝑠𝑒 =
𝑉𝑙𝑛
2
12𝜃𝑡𝑜𝑡𝑎𝑙
       (Equation  3-15) 
 
Equation 3-16 (ACI 363R-10) was used to calculate the modulus of elasticity for high strength 
concrete. 
𝐸𝑐(psi) = 40000√𝑓𝑐,𝑡𝑒𝑠𝑡
′  (psi) + 106  (Equation  3-16) 
 
However, although the test setup was designed to provide zero rotation at the ends (Figure 6), a 
slight rotation was observed at the top block due to flexibility of the top structural steel beam and 
slight looseness in the connections between the vertical actuators and the structural steel beam 
(Figure 48). To account for the impact of the top block rotation (𝜃𝑡𝑜𝑝), Equation  3-17 was 
modified as follows: 
 
EcIse =  
Vln
2
(12θtotal−6θtop)
=
Vln
2
12(θtotal−
θtop
2
)
   (Equation  3-17) 
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Figure 48. Test setup moment reactions. 
 
In the results presented, the secant stiffnesses are normalized by the gross section stiffness (𝐸𝑐𝐼𝑔), 
where 𝐼𝑔 is the gross moment of inertia of the beam cross-section ignoring the 
longitudinal/diagonal reinforcement and the floor slab. 
Figure 49 shows the secant stiffness of the specimens during wind protocol. Figure 50 shows the 
averaged secant stiffness values of all cycles at each loading stage. Further stiffness degradation 
results are presented in Appendix C. 
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Figure 49. Secant stiffness values of the specimen during the wind loading protocol. 
 
 
Figure 50. Averaged secant stiffness values for each loading stage.  
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3.5. Energy Dissipation 
The energy dissipated is calculated as the area enclosed by the hysteretic loop during each loading 
cycle. In the results presented below, the energy dissipated is normalized by the total energy 
dissipated during each loading cycle, as shown in Figure 51. 
 
Figure 52 and Figure 53 show the dissipated energy during each cycle for the wind and seismic 
loading protocols, respectively, while Figure 54 shows the accumulative energy dissipated during 
testing. Figure 55 and Figure 56 present the normalized dissipated energy and Figure 57 shows 
the averaged normalized energy dissipations during wind and seismic loading protocols. 
 
 
Figure 51. Total energy versus energy dissipated during each cycle. 
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Figure 52. Energy dissipation per cycle during wind loading protocol. 
 
Figure 53. Energy dissipation per cycle during seismic loading protocol. 
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Figure 54. Accumulative energy dissipation during wind (a) and seismic (b) loading 
protocols. 
 
 
Figure 55. Normalized energy dissipation per cycle during wind loading protocol. 
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Figure 56. Normalized energy dissipation per cycle during seismic loading protocol. 
 
 
Figure 57. Average normalized energy dissipation per cycle of all specimen during wind (a) 
and seismic (b) loading protocls. 
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3.6. Axial Growth 
Axial growth (∆𝒂𝒙𝒊𝒂𝒍) of the beams was measured using two LVDTs spanning across the beam 
clear length, as shown in Figure 58 and calculated per Equation 3-18. The results for the wind 
and seismic loading protocols are presented in Figure 59 and Figure 60, respectively. 
 
∆axial=
δAxial LVDT left+δAxial LVDT right
2
   (Equation  3-18) 
 
 
Figure 58. Typical LVDT layout used to measure axial growth. 
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Figure 59. Axial growth during the wind loading protocol. 
 
 
Figure 60. Axial growth during the seismic loading protocol.  
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3.7. Reinforcements Strains 
Strain gages were installed on longitudinal, diagonal, and transverse reinforcement at various 
specified locations. Strain gage layouts of the specimens are shown in Figure 14 through Figure 
17. It is noted that few strain gages damaged during construction, and, thus, no data is available 
for these strain gages. Typical strain results are given in Figure 61 for CB1, and the rest of the 
results are presented in Appendix D. Table 4 presents the loading stage at which the strain gages 
indicated first yielding of reinforcement. 
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Table 4. Loading stage at which first yielding of reinforcement occurred 
Strain Gage CB1 CB2 CB3 CB4 
SG01 DNY 0.75 Mpr Ramp Down 1.5 𝜃y Ramp Up 1.2 𝜃y Ramp Up 
SG02 1.2 𝜃y Ramp Down 0.75 Mpr Ramp Up 0.75 Mpr Ramp Down 3% 𝜃 
SG03 0.75 Mpr Ramp Up DMG 0.75 Mpr Ramp Up 3% 𝜃 
SG04 0.75 Mpr Ramp Down 0.75 Mpr Ramp Down 0.75 Mpr Ramp Up 10% 𝜃 
SG05 DMG 0.75 Mpr Ramp Down DMG DMG 
SG06 DMG DMG 2% 𝜃 DMG 
SG07 1.2 𝜃y Ramp Up DMG 1.5% 𝜃 3% 𝜃 
SG08 3% 𝜃 0.75 Mpr Ramp Down 0.75 Mpr Ramp Up 3% 𝜃 
SG09 DMG 0.75 Mpr Ramp Up DMG DMG 
SG10 DMG 0.75 Mpr Ramp Down 0.75 Mpr Ramp Down DMG 
SG11 DMG DMG 0.75 Mpr Ramp Up 3% 𝜃 
SG12 1.2 𝜃y Ramp Up DMG DMG 3% 𝜃 
SG13 DNY DMG 4% 𝜃 3% 𝜃 
SG14 DMG DMG DMG DMG 
SG15 0.75 Mpr Ramp Up 0.75 Mpr Ramp Up 0.75 Mpr Ramp Up 0.4 Mpr Ramp Down 
SG16 DMG DNY 0.4 Mpr Ramp Up DMG 
SG17 1.2 𝜃y Ramp Up 0.5 Mpr Ramp Up DNY DNY 
SG18 1.2 𝜃y Ramp Up DMG DMG 3% 𝜃 
SG19 DNY 3% 𝜃 DMG DNY 
SG20 0.75 Mpr Ramp Up 0.4 Mpr Ramp Down 1.2 𝜃y Ramp Up DMG 
SG21 DMG DMG DMG DMG 
SG22 1.2 𝜃y Ramp Down 4% 𝜃 DMG DNY 
SG23 3% 𝜃 0.4 Mpr N/A 3% 𝜃 
SG24 1.5% 𝜃 DMG N/A 3% 𝜃 
SG25 1.5% 𝜃 DMG N/A 3% 𝜃 
SG26 DMG N/A N/A 1.2 𝜃y Ramp Up 
SG27 3% 𝜃 N/A N/A DNY 
SG28 4% 𝜃 N/A N/A 4% 𝜃 
SG29 N/A N/A N/A 3% 𝜃 
SG30 N/A N/A N/A DMG 
SG31 N/A N/A N/A DMG 
SG32 N/A N/A N/A DMG 
SG33 N/A N/A N/A DMG 
DNY: Did Not Yield. 
DMG: Damaged. 
N/A: Not Applicable. 
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Figure 61. Typical reinforcement strain results for CB1. 
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3.8. Digital Image Correlation 
GOM© Correlate software (2018) was used to perform Digital Image Correlation and Tracking 
analysis from the pictures taken during each stage of loading. For each specimen, optimal 
configuration was selected based on distance of camera from the specimen to best measure strains. 
Table 5 provides some of the settings used in the software for each specimen. Figure 62 through 
Figure 65 shows typical web surface strain results during the peak demand at 1.5𝜃𝑦 of the wind 
Loading protocol. Figure 66 provides the maximum compressive and tensile surface strains of 
each loading stage. Also, Table 6 provides measured crack widths of the test beams as a reference 
for comparation. Detailed Digital Image Correlation surface strain results for all specimen during 
all the loading stages are provided in Appendix E. 
 
Table 5. GOM Correlate settings 
Specimen CB1 CB2 CB3 CB4 
Facet size (pixels) 41 31 47 41 
Point distance (pixels) 16 16 24 16 
Pixel to length conversion [mm/pixel] 0.3177 0.3177 0.3177 0.495 
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Figure 62. CB1 surface strain during maximum peaks of wind loading 1.5𝜽𝒚 ramp up at 
maximum peaks of positive (left) and negative (right) direction. 
(Note that legend represent surface strain and the bottom left cutout is the result of shadowing 
due to post tensioning anchor bar.) 
 
Figure 63. CB2 surface strain during maximum peaks of wind loading 1.5𝜽𝒚 ramp up at 
maximum peaks of positive (left) and negative (right) direction. 
(Note that legend represent surface strain and the bottom cutout is the result of shadowing due to 
post tensioning anchor bar.) 
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Figure 64. CB3 surface strain during maximum peaks of wind loading 1.5𝜽𝒚 ramp up at 
maximum peaks of positive (left) and negative (right) direction. 
(Note that legend represent surface strain and the bottom cutout is the result of shadowing due to 
post tensioning anchor bar.) 
 
 
Figure 65. CB4 surface strain during maximum peaks of wind loading 1.5𝜽𝒚 ramp up at 
maximum peaks of positive (left) and negative (right) direction. 
(Note that legend represent surface strain and the bottom left cutout is the result of shadowing 
due to post tensioning anchor bar.) 
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Figure 66. Maximum local strains on the web surface measured by Digital Image 
Correlation analysis. 
 
Table 6. Measured crack widths of the test beams 
Beam 
ID 
Stage 
Flexural cracks Diagonal tension (shear) 
cracks within distance h 
from interface, in. (mm) 
At interface, 
in. (mm) 
Within distance h from 
interface, in. (mm) 
CB1 
Peak of largest 
ductility demand 
1/16–3/32 
(1.59–2.38) 
1/32–1/16 
(0.79-1.59) 
4/1000–1/100 
(0–0.25) 
Zero rotation at end 
of wind protocol(1) 
1/32–1/16 
(0.79-1.59) 
1/64–1/32 
(0.40–0.79) 
0–4/1000 
(0–0.10) 
CB2 
Peak of largest 
ductility demand 
1/16–1/8 
(1.59–3.18) 
1/100–1/32 
(0.25–0.79) 
4/1000–1/32 
(0.10–0.79) 
Zero rotation at end 
of wind protocol 
1/100–1/32 
(0.25–0.79) 
1/100–1/64 
(0.25–0.40) 
0–1/64 
(0–0.40) 
CB3 
Peak of largest 
ductility demand 
1/64–1/8 
(0.40–3.18) 
1/100–1/32 
(0.25–0.79) 
4/1000–1/32 
(0.10–0.79) 
Zero rotation at end 
of wind protocol 
1/64–1/32 
(0.40–0.79) 
1/100–1/64 
(0.25–0.40) 
0–1/64 
(0.25–0.40) 
CB4 
Peak of largest 
ductility demand 
1/24–1/6(2) 
(1.06–4.23) 
1/64–1/16 
(0.40–1.59) 
4/1000–1/64 
(0.25–0.40) 
Zero rotation at end 
of wind protocol 
1/32–1/24(2) 
(0.79-1.06) 
4/1000–1/100 
(0.10–0.25) 
0–4/1000 
(0–0.10) 
(1) Residual cracks at the end of the loading protocol;  
(2) A thin layer of concrete spalling (≈1/8 to 1/2 in. [3 to 13 mm] thick over a distance of ≈ 2 to 4 in. [51 to 102 
mm]) was observed at the bottom interface;  
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CHAPTER 4 SUMMARY 
Four RC coupling beams, three with standard detailing and conventional reinforcement and one 
with seismic detailing and diagonal reinforcement, were constructed and tested under first a 
simulated quasi-static, cyclic wind loading protocol, and then a standard quasi-static, cyclic 
seismic loading protocol. Two of the beams had an aspect ratio (ln/h) of 2.5 representing coupling 
beams in residential buildings while the other two had ln/h of 3.67 representing coupling beams in 
office buildings. The wind loading protocol, consisted of a large number of elastic load cycles 
(2150 cycles) and a dozen mildly inelastic displacement cycles with peak ductility demand of 1.5, 
was intended to simulate coupling beam demands under hurricane or other extreme wind events.  
Data were gathered from more than 98 sensors including, LVDTs, string potentiometers, strain 
gages, and load cells, as well as a non-contact measurement technique (Digital Image Correlation). 
The collected data were processed to determine various response metrics including load-rotation 
relationships, various components of total rotation (i.e., deformation contributed by bar 
slip/extension, shear, flexure, and sliding), axial growth, stiffness, energy dissipation, 
reinforcement strain. 
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Appendix A. Coupling Beam Details 
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 70 
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Appendix B. Instrumentation 
 
Typical String Potentiometer Layout 
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CB1 LVDT Layout 
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CB1 LVDT Layout north side top and bottom. 
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CB1 LVDT Layout south side. 
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CB2 LVDT Layout 
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CB2 LVDT Layout north side 
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CB2 LVDT Layout south side 
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CB3 LVDT Layout 
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CB3 LVDT Layout 
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CB3 LVDT Layout 
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CB4 LVDT Layout 
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CB4 LVDT Layout 
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CB4 LVDT Layout 
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CB4 LVDT Layout 
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CB4 LVDT Layout 
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Appendix C. Supplemental Processed Results 
 
Lateral Load-Deformation during 0.15 Mpr wind load protocol. 
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Lateral Load-Deformation during 0.4 Mpr wind load protocol. 
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Lateral Load-Deformation during 0.75 Mpr wind load protocol. 
 90 
 
Lateral Load-Deformation during 1.2 𝜃y wind load protocol. 
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Lateral Load-Deformation during 1.5 𝜃y wind load protocol. 
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Lateral Load-Deformation during 1.2 𝜃y wind load protocol. 
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Lateral Load-Deformation during 0.75 Mpr wind load protocol. 
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Lateral Load-Deformation during 0.4 Mpr wind load protocol. 
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Lateral Load-Deformation during 0.15 Mpr wind load protocol. 
 96 
 
Lateral Load-Deformation during seismic load protocol. 
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Secant stiffness during wind loading protocols. 
 
 
Secant stiffness during seismic loading protocols. 
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Appendix D. Strain Gage Data 
 
   
Loading Stage Loading Protocol Loading Type Loading Level 
No. 1 Wind Force-Controlled 0.15 Mpr 
No. 2 Wind Force-Controlled 0.4  Mpr 
No. 3 Wind Force-Controlled 0.75  Mpr 
No. 4 Wind 
Displacement-
Controlled 
1.2 𝜃y 
No. 5 Wind 
Displacement-
Controlled 
1.5 𝜃y 
No. 6 Wind 
Displacement-
Controlled 
1.2 𝜃y 
No. 7 Wind Force-Controlled 0.75  Mpr 
No. 8 Wind Force-Controlled 0.4  Mpr 
No. 9 Wind Force-Controlled 0.4  Mpr 
No. 10 Seismic 
Displacement-
Controlled 
1.5% 𝜃 
No. 11 Seismic 
Displacement-
Controlled 
2% 𝜃 
No. 12 Seismic 
Displacement-
Controlled 
3% 𝜃 
No. 13 Seismic 
Displacement-
Controlled 
4% 𝜃 
No. 14 Seismic 
Displacement-
Controlled 
6% 𝜃 
No. 15 Seismic 
Displacement-
Controlled 
8% 𝜃 
No. 16 Seismic 
Displacement-
Controlled 
10% 𝜃 
No. 17 Seismic 
Displacement-
Controlled 
12% 𝜃 
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CB1 Strain Gage Layout 
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CB2 Strain Gage Layout 
 101 
 
CB3 Strain Gage Layout 
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  CB3 Strain Gage Layout 
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 115 
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Appendix E. Digital Image Correlation and Tracking Results 
Note that for the results are presented in the following order as maximum peaks of positive (left) 
and negative (right) direction. Also the legend represent surface strain and the bottom cutout is the 
result of shadowing due to post tensioning anchor bar. 
 
 
CB2 surface strain during maximum peaks of wind loading 0.15 Mpr ramp up. 
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CB3 surface strain during maximum peaks of wind loading 0.15 Mpr ramp up. 
 
 
CB4 surface strain during maximum peaks of wind loading 0.15 Mpr ramp up. 
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CB2 surface strain during maximum peaks of wind loading 0.4 Mpr ramp up. 
 
 
CB3 surface strain during maximum peaks of wind loading 0.4 Mpr ramp up. 
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CB4 surface strain during maximum peaks of wind loading 0.4 Mpr ramp up. 
 
 128 
 
CB1 surface strain during maximum peaks of wind loading 0.75 Mpr ramp up. 
 
CB2 surface strain during maximum peaks of wind loading 0.75 Mpr ramp up. 
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CB3 surface strain during maximum peaks of wind loading 0.75 Mpr ramp up. 
 
 
CB4 surface strain during maximum peaks of wind loading 0.75 Mpr ramp up. 
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CB1 surface strain during maximum peaks of wind loading 1.2𝜽𝒚 ramp up. 
 
 
CB2 surface strain during maximum peaks of wind loading 1.2𝜽𝒚 ramp up. 
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CB3 surface strain during maximum peaks of wind loading 1.2𝜽𝒚 ramp up. 
 
 
 132 
CB4 surface strain during maximum peaks of wind loading 1.2𝜽𝒚 ramp up. 
 
 
CB1 surface strain during maximum peaks of wind loading 1.5𝜽𝒚 ramp up. 
 
CB2 surface strain during maximum peaks of wind loading 1.5𝜽𝒚 ramp up. 
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CB3 surface strain during maximum peaks of wind loading 1.5𝜽𝒚 ramp up. 
 
CB4 surface strain during maximum peaks of wind loading 1.5𝜽𝒚 ramp up. 
 
 134 
 
CB1 surface strain during maximum peaks of wind loading 1.2𝜽𝒚 ramp down. 
 
CB2 surface strain during maximum peaks of wind loading 1.2𝜽𝒚 ramp down. 
 
 135 
 
CB3 surface strain during maximum peaks of wind loading 1.2𝜽𝒚 ramp down. 
 
CB4 surface strain during maximum peaks of wind loading 1.2𝜽𝒚 ramp down. 
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CB1 surface strain during maximum peaks of wind loading 0.75 Mpr ramp down. 
 
CB2 surface strain during maximum peaks of wind loading 0.75 Mpr ramp down. 
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CB3 surface strain during maximum peaks of wind loading 0.75 Mpr ramp down. 
 
CB2 surface strain during maximum peaks of wind loading 0.4 Mpr ramp down. 
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CB3 surface strain during maximum peaks of wind loading 0.4 Mpr ramp down. 
 
CB4 surface strain during maximum peaks of wind loading 0.4 Mpr ramp down. 
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CB1 surface strain during maximum peaks of wind loading 0.15 Mpr ramp down. 
 
CB3 surface strain during maximum peaks of wind loading 0.15 Mpr ramp down. 
 140 
 
CB4 surface strain during maximum peaks of wind loading 0.15 Mpr ramp down. 
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